Abstract-This paper presents a method for designing the control loop for dc-to-dc converters when uncertainties exist in the ac characteristics of the converter's load. In the proposed method, a converter is initially considered as a stand-alone module feeding a current sink load and the control loop of the converter is then designed in a way that maximizes the robustness of the converter's closed-loop performance against the unknown ac dynamics of a potential load. As a result, the proposed control design method can provide the predictable closed-loop performance for a converter when it is loaded with an actual load whose ac characteristics are unknown in advance.
I. INTRODUCTION
T HE control design of dc-to-dc converters has previously been investigated based on the assumption that the converters are feeding a resistive load [1] , [2] . However, in reality, the load of a converter is commonly a combination of passive and active components and its circuit characteristics are far from being purely resistive. For most practical applications, furthermore, advance information on the ac characteristics of a load is often unavailable or undefined, therefore, a control loop designed assuming a specific load can result in the undesirable or unacceptable performance that was not intended during the design stage.
Accordingly, this paper presents a control loop design method that does not require any prior information on the ac characteristics of the converter's load. In the proposed method, a converter is initially assumed to deliver a rated power to a current sink load and its control loop is designed in a way that it:
• provides good closed-loop performance for a converter loaded with a current sink;
• minimizes any performance deviation that can occur when the converter is loaded with an actual load.
The proposed method allows the control loop of a converter to be designed independently from the unknown ac dynamics of a potential load and can provide the predictable closed-loop performance for the converter when it is connected to an actual load. Throughout this paper, a current-mode-controlled boost converter is used as an example to develop and verify the control design procedures. The general design method, however, can still be readily extended to include other converters with different control schemes. The effectiveness of the proposed design method is validated by presenting the closed-loop performance of the boost converter loaded with various typical practical loads.
II. BOOST CONVERTER FEEDING CURRENT SINK LOAD
The proposed design method initially assumes that a converter delivers a rated power to a current sink load. Fig. 1(a) shows a schematic diagram of a current-mode-controlled boost converter feeding a current sink load. The converter consists of a power stage, pulsewidth-modulation (PWM) block, current-sensing network (CSN) for the current mode control, and voltage feedback circuit . Fig. 1(b) shows a small-signal model of Fig. 1(a) , obtained by replacing an active-passive switch pair with the PWM switch model [3] and replacing the PWM and CSN blocks with their small-signal models [4] . Expressions for the gain blocks appearing in the small-signal model are given in Table I .
Two load parameters [5] are needed to characterize the smallsignal dynamics of a converter. The first is the ratio of the dc output voltage to the dc current drawn from the power stage of the converter, denoted as . The constitutes an internal parameter of the PWM switch model, as shown in Fig. 1(b) . The second load parameter is the load impedance seen by the output of the converter, which is simply an open circuit for a converter loaded with a current sink.
A. Small-Signal Analysis of Converter With Current Loop Closed
As a prerequisite to the design of the voltage feedback compensation circuit, the small-signal dynamics of the converter should be analyzed first. The control-to-output transfer function of the converter, in which only the current loop is closed and the connection to is broken at Point A in Fig. 1(b) , can be approximated to (1) where is the equivalent series resistance (ESR) zero and is the right-half-plane (RHP) zero of the power stage (6) with (7) where is the slope of the external ramp and is the on-time slope of the sensed inductor current. The derivations of (1) along with experimental validations for its accuracy are given in the Appendix. The control-to-output transfer function reveals the familiar third-order characteristics [4] , however, the expressions for the dc gain and low-frequency pole are noticeably different from those of a converter with a resistive load.
Equation (5) can be used for the current loop design. To provide a sufficient damping for the quadratic term in the denominator of (1), it was determined that , as a result, for the given operating conditions. Fig. 2 compares the Bode plot of (1) and the measured control-to-output transfer function of the converter loaded with a current sink. The resonance at half the switching frequency is well damped with . The second transfer function to be analyzed is the output impedance of the converter evaluated with only the current loop closed. Following similar steps to those used in the derivation of (1), the output impedance can be expressed as (8) It is interesting to note that the dc gain of the output impedance approximates to even though the output port of the converter is open. Fig. 3 shows the Bode plot of (8) in parallel with the measured output impedance. 
B. Control Design Strategy
Since a converter connected to a current sink load sees an infinitely large load impedance, it can be considered as "unloaded" from the small-signal point of view. In this regard, the converter loaded with a current sink is hereafter referred to as an unloaded converter. The " " commonly appearing in the subscripts of , , , and is intended to indicate that the converter is unloaded in the small-signal sense. On the other hand, the converter connected to an actual load is referred to as a loaded converter. Fig. 5(a) shows a functional representation of a converter that is combined with an actual load whose input impedance is denoted as . The output impedance of the loaded converter is given by (12) The audiosusceptibility of the loaded converter is given by 
which can be rearranged as
by incorporating (9) and (11) into (14). The " " used in the subscripts of , , and implies that the converter is loaded with an actual load.
All the performance criteria for the loaded converter, given by (12), (13), and (15), contain the impedance ratio as a common factor in their denominators. This impedance ratio can be interpreted as a representation of the loading effects of the actual load. In an attempt to minimize the loading effects of prospective loads, the of the unloaded converter can be minimized using a control loop design. If is sufficiently reduced to meet the condition for a potential load, the loading effects become negligible and the loaded converter can retain the closed-loop performance of the unloaded converter. Thus, in order to achieve the design goals discussed earlier, the control loop should be designed in a way that minimizes , while offering good closed-loop performance to the unloaded converter.
C. Compensation Design and Performance of Converter With Current Sink Load
The voltage feedback compensation should provide a minimized as well as good closed-loop performance for the unloaded converter. For this purpose, a two-pole one-zero compensation can be used The compensation pole is placed at the frequency that corresponds to the lowest value among the ESR zero, RHP zero, and half the switching frequency. The compensation zero is placed at the low-frequency pole of the control-to-output transfer function. The integrator gain is adjusted to obtain a sufficient phase margin for the loop gain. Fig. 6 shows the asymptotic plots for the , , , , and of the unloaded converter whose voltage feedback compensation is designed as outlined above. As shown in Fig. 6 , the loop gain maintains a desirable 20 dB/dec slope up to the RHP zero by placing at and at . Based on (9), the asymptotic plot for can be determined as shown in Fig. 6 . The loop gain reduces up to its crossover frequency and more significantly provides the resistive characteristics for over a wide frequency range. If the crossover frequency of the loop gain is placed at , becomes resistive for all frequencies beyond . The resistive nature of the output impedance, particularly within the frequency band where attains its peak value, greatly reduces the chance of performance degradation or instability that can occur when the converter is combined with an ill-conditioned load: a load that incurs a significant degree of loading even with a minimized . Further discussion on this subject will be given in the next section. Fig. 7(a) shows the theoretical and measured loop gain of the unloaded converter in which the voltage feedback compensation is determined as (17) according to the proposed design procedure. The measured loop gain exhibits a good correlation with the analytical predictions except for the low-frequency noise incurred during the measurement process at frequencies below 30 Hz. Fig. 7(b) shows the theoretical and experimental responses of , , and of the unloaded converter. As intended, is sufficiently reduced and reveals resistive characteristics at frequencies between 50 Hz-10 kHz. 
III. BOOST CONVERTER LOADED WITH PRACTICAL LOAD
This section presents the closed-loop performance of the converter connected to a variety of typical practical loads. The merits of the proposed design method are addressed by investigating the loop gain and output impedance of the converter combined with an ill-conditioned load.
A. Resistive Load
When combined with a purely resistive load, the load impedance of the converter is just a resistor of . In this case, it is easy to meet the condition for all frequencies. With resistive loads, therefore, the loading factor becomes negligible and the loaded converter preserves the performance of the unloaded converter.
B. Load Converter With Input Filter
In distributed power applications, a converter frequently derives another converter equipped with an input filter in front. Fig. 8(a) shows a typical load subsystem that can be powered by the boost converter upstream. The load subsystem consists of a single-stage LC filter and buck converter. Since the input impedance of the load subsystem depends highly on the filter parameters [8] , it is not always possible to meet the condition even with a minimized . Fig. 8(b) shows the input impedances of three different load subsystems in parallel with of the boost converter upstream. Each load subsystem contains an identical buck converter in common, yet has unequal parameters for the filter stage.
• Load A:
H, , F. Load A apparently satisfies the requirement for the minimal loading effects, however, Loads B and C fail to meet the condition at certain frequencies. Fig. 9 shows theoretical plots for the loop gains of the boost converter combined with three different load subsystems. When connected to Load A, the converter retains the loop gain predicted with a current sink load. For Loads B and C, (15) can be used to study the effects of the loading on the converter's loop gain. As shown in Fig. 9 , the loop gain undergoes substantial changes within the frequency range where becomes comparable to or less than . With Load C, in particular, the loop gain shows multiple crossovers of the 0-dB line. However, the phase response confirms that the converter remains stable. This is a direct consequence of the design strategy that forces to be as resistive as possible. In fact, the converter will maintain stability regardless of the nature of and magnitude of the loading factor as long as possesses the resistive nature at the frequencies where falls below [7] . Fig. 10 shows the measured loop gain of the converter loaded with Load B along with the analytical predictions made from (15). Fig. 11 shows the theoretical output impedances of the loaded converter. As can be inferred from (12), Load A does not alter the output impedance, however, Loads B and C cause the output impedance to dip within the frequency range where the condition is violated. It is important to note that the peak value of the output impedance does not increase since the loading effects arouse a dip, rather than a peak, in the output impedance. Again, this is an advantageous outcome of the proposed control design method that offers a resistive nature to : if the control loop is designed otherwise, the output impedance may experience excessive peaking at the frequencies where intersects with [6] .
IV. CONCLUSIONS
The conventional design method that implicitly assumes a resistive load for a converter has a limited usage since a converter's load is rarely purely resistive in practice. In many applications, furthermore, the ac characteristics of a converter's load are undefined or unknown in advance. In these cases, the conventional control design intended for a resistive load can result in an undesirable or unacceptable outcome when the converter is combined with an actual load. This paper presented a design method that is applicable to cases where no prior information on the load dynamics is available. The proposed method initially assumes that a converter delivers a rated power to a current sink load, thereby allowing the converter to be treated as an unloaded stand-alone module from the small-signal sense. The control loop of the unloaded converter is then designed to provide the minimized magnitude and resistive characteristics for the output impedance, , of the converter. If the converter is combined with a load impedance that satisfies the condition for all frequencies, the loaded converter will retain the closed-performance of the unloaded converter. Moreover, when the condition is violated at certain frequencies, (12), (13), and (15) can be used to study the closed-loop performance of the loaded converter. It is important to note that the proposed design method, by forcing to be as resistive as possible, attempts to secure stability and a minimal performance degradation in the presence of a considerable degree of loading.
APPENDIX

A. Derivation of Control-to-Output Transfer Function
The control-to-output transfer function with only the current loop closed can be found from the small-signal model of Fig. 1(b) as (18) where is the duty-cycle-to-output transfer function and is the duty-cycle-to-inductor current transfer function of the power stage. The expressions for , , and the other gain blocks used in (18) are shown in Table I . By incorporating these expressions into (18), the control-to-output transfer function can be given by Using the fact that with , can be approximately factorized (20) with assumption of , , and
. By combining (19) and (20), the expression given by (1) can be obtained. Among the assumptions used in the derivations, and are naturally satisfied. The other assumptions, and , are also easily met in practice. Fig. 12 compares the theoretical and experimental plots for the control-to-output transfer function of the boost converter with a current sink load. The solid lines are the Bode plots of (1) and the chained lines are the experimental measurements. Fig. 12 shows the transfer function of the boost converter with two different current loop designs: one with that underdamps the high-frequency resonance at half the switching frequency and the other with that critically damps the high-frequency resonance. The close correlation between the plots indicates the accuracy of the analysis.
B. Accuracy of Transfer Function
